\ 4

Micromagnetics on curved
geometries using rectangular cells.
error correction and analysis

Michael J. Donahue

Robert D. McMichael
NIST, Gaithersburg, Maryland, USA

A



Outline

Staircase artifact
1D correction
General case
Local subgrid
Correction tests
Edge mode resonance
Vortex expulsion

Analytic model

A



Uniformly Magnetized Strip

: *~Detall

Detall

yIVIV VLY

Magnetization Demag Field

A



A4

Uniformly Magnetized Strip, Rotatec

Detall

Magnetization Demag Field




Demag Field
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General Geometries




Demag field

r—r
Hdemag /V M |I'—I'/|3dr/
/
r —Tr
M / 2/.
47‘(’ (r) (r)|r—r’\3dr

Assume M uniform in each cell gives
<Hdemag,i> — — Z Ni,ij'

where formulae for /V; ; are given in

Newell, Williams & Dunlop, “A generalization of the
demagnetizing tensor for nonuniform magnetization,” J.
Geophysical Research-Solid Earth, 98, 9551 (1993.)
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Demag field (cont.)

If cells are identical on a uniform grid, then
Hdemagl — ZN@]M

becomes

Hdemagl — ZNZ ]M

where FFT can be used to evalute Hyepmag i-
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Variation in thickness
smaller than cell heigi

Porter & Donahue, “Generalization of a two-dimensional micro-
magnetic model to non-uniform thickness,” JAP, 89, 7257 (2001).
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PROBLEM:Partially filled cell has different geometry,
so FFT can’t be used to compute demag fie

Partially filled cell,
height=t, IM|=M,
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SOLUTION: Use full cell so all cells have same geometn
but reduce Nso far-field demag is correct.

i Replace f

s > A

Partially filled cell, Full cell, heightA
height=t, IM|=M, Reduced magnetizatio |=(t/A) M,




Single cell stray field

1x1x0.5 brick, IM|=-M e

1x1x1 cube, |M|=M2
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Infinite plate

Hpemas -M Independent of t

Problem: For reduced magnetization |M|£A}M_, mode
|HDemagJ = (t/A)Ms
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Infinite plate

Hpemag= -M  Independent of t

Problem: For reduced magnetization |M|£(}M, mode
IHoemad = (/A)M;

Solution: Add local anisotropy field to correct defic
Hanis = '(1't/A)Ms(mQ)ez
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10x10x1disk

Demag Field
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10x10x1disk 10x10x1 oblate spheroid

RMS error = 118%
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10x10x1disk 10x10x1 oblate spheroid

Demag Field with
Demag Field Thickness Corrections
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General case

Decompose

Hdemag,i — § Ni,ij
J

INto

Hdemag,i — = Z N’i,ij o Z Niaij

jEQlocal jEQfar

Handle ., via modified M, and FFT, (.., SOme
other way.
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General case (cont.)

Concept:
Far field computed efficiently via FFT.
Near field computed accurately.
Restricted size keeps Qe O(N).

Garcia-Cervera, Gimbutas, & E, “Accurate numerical methods for
micromagnetics simulations with general geometries,” J. Comp.
Physics, 184, 37 (2003).
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Local field computation v

Problem: Implementing €2),..; Not so simple.

ldea: Use existing demag code to compute €2jocal,
but on a local, refined grid.

f

Qloca<
\ —-
| Local refinement \Original grid




Local field computation v

roa<

/
Local refinemen t \

Original grit

- Compute N, for fine mesh on Q.. (0nce)
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Local field computation v

roa{

/
Local refinement \

Original grid

- Compute N, for fine mesh on Q.. (once)

- For i, j near boundary, compute (H. >Z,j

demag
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Local field computation v

.

roa{

/
Local refinemen t \

Original grid

Compute N/, for fine mesh on Q.1 (0nce)

For i, j near boundary, compute (H2 >Z.j

demag

Hive —— H@ define correction factors K ;

demag demag
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Local field computation v

-

roa{

/
Local refinemen t \

Original grid

Compute N/, for fine mesh on Q.1 (0nce)

For i, j near boundary, compute (H2 >Z,j

demag

Hive —— H@ define correction factors K ;

demag demag

NOTE: Done once during initialization!
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Local field computation v

During simulation run:

Compute Hgenae as usual, with
volume-modified |M|.

For cells near boundary, include local

corrections
corr 1 — Z Kz ]M

J EQlocal

Correction is O(Nyoundary)
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Local correction, pushed v
Energy of correction is
Ei; mZ-TKZ-)jmj
= miTKijj(mj —m;) + miTKm-mi.
If |/m; — m;| is small (exchange), then
Ei x miTKi,ij-

which is a local anisotropy.
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Local correction, pushed I'

So
Haiemagi = — Z Ni—jM; — K;M;

where




FMR simulations

Small "ping" field
Induces spinwaves.
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FMR spectrum

Mode Intensity

0 5 10
Resonance frequency (GHz)

15



Edge mode frequency (GHz)
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Key points v

Edge mode sensitive only to edge effects

Quantitative
Robust quantity, does not involve critical field

Experimentally relevant
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\ortex Expulsion Test
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Vortex Expulsion: Field depend

ence
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Expulsion field, pgH. (MT)
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Edge cell adjustment

Partialy filled cellson Partially filled cells
Nalong, straight edge “ refilled with reduced MV

Additional demag energy of strip of partial cells
1 .
Epartia] = 2,LL0MS2 mg 'UA -t ‘7/ Same energy as embedding a

strip far away fromthe edge.

Additional demag energy of strip of diluted cells, for A=t

1 1
Ediluted — {ZMO(UMS)Q (m?g + mg) + EILLOMS,UMS (mz o mi)} At

g Self demag of L Interaction with the

diluted edge cells. bulk of the film.
Ecorrection — Lipartial — Ediluted
1
2 2 2
Ecorrection - E/LOMS U(l - U) (mas + mz)A -t

No correction for / No correction_fo,-
empty cells (v = 0). filled cells (v =1).




Edge mode frequency (GHz)
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sSummary v

Staircase demag artifact effectively corrected.
Efficient far-field computation via FFT.

Local correction coefficients computed using
usual demag code.

| ocal corrections have minimal run-time cost.
Edge resonance test examined.

Simple analytic + empirical edge anisotropy
correction introduced.

A



Average Hpno'M computed
in each sample box
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Local field computation v

-

roal{

L 7

/
Local refinement

Original grid

Compute N/, for fine mesh on Q.1 (0nce)

For i, j near boundary, compute (H2 >Z,j

demag

Hive —— H@ define correction factors K ;

demag demag

NOTE: Done once during initialization!
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Exchange (unifornd.) v

Usual exchange expression:

2A
Hjj = —5--(
Ho=4VEs

Volume-modified M, causes trouble if M, ~ 0.
Instead, define

mj — mz)

2A .
lox = YE (fixed)

and
H;; = (; M,(m; — m;)/A;;.
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Edge mode refinement

Thin films magnetized in plane, ol
perpendicular to edge. =

S o/
Precession islocalized at the edge g 011/ Applicdfidd=03T
by low fields e I

©
w

J. Jorzick et al., Phys. Rev. Lett. 88, 047204 (2002)
J. P. Park et a., Phys. Rev. Lett. 89, 277201 (2002)

Precession
Amplitude

0 2IO AIrO éO 8IO 100
Distance from edge (nm)
Edge mode frequencies fit Kittel expression with 2 parameters.

o7y
f<Happ1) - g [(Happl - Hx)(Happl + HZ)]l/Q

Effective EDGE-normal B Effective FILM-normal
anisotropy field anisotropy field

B. B. Maranvilleet a., J. Appl. Phys 99, 08C703 (2006).
R. D. McMichael and B. B. Maranville, Phys. Rev. B, 74, 024424 (2006).




Edge mode refinement
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Spinwaves
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